Node-island, multi-layer self-balanced Archimedes Bridge  by Xu, Youliang
Available online at www.sciencedirect.com
 





Node-island, multi-layer self-balanced Archimedes Bridge 
Youliang Xu* 
Hunan International Economics University, Changsha 410205, China 
Received 15 July 2010; revised 28 July 2010; accepted 30 July 2010 
Abstract 
A preliminary structure scheme is proposed on a node-island, multi-layer self-balanced Archimedes Bridge upon which two track 
rails and a four-lane highway could be established. Some analysis has been made on its mechanical characteristics, vibration, 
corrosion, security and economy. Using this conceptual construction program, transport channel options for the Taiwan Strait are 
discussed according to the hydrological and geological conditions of the Taiwan Strait. 
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1. Introduction 
Archimedes Bridge (submerged floating tunnel (SFT)), when first proposed in around 1880, was almost 
considered as a science fiction. Subsequently, in 1923, a Norwegian submitted the first patent [1].  In 1973, the 
research work and project planning on Archimedes Bridge started. The world then has invested heavily in research. 
In 1989, the International Tunneling Association (ITA) set up a special SFT agency, and published a research 
summary report [2, 3] in 1993 and 1996 respectively. 
The study on Archimedes bridge in China started relatively late, but developed quickly. After years of 
development, a large amount of relevant information have been accumulated which can be divided into several 
categories including theoretical researches [4–10], experimental researches, patents [11–13], news reports and 
review articles [1, 2, 14, 15]. This work is based mainly on these documents. A large number of the latest research 
results in a number of related engineering fields, such as materials, corrosion, marine engineering, etc have also 
been used in this work [16–21]. 
A reasonable structure program is a key for Archimedes Bridge to be of practical use, instead of a concept. To 
meet large flow transport, a preliminary structure is designed. In making the design, following assumptions are 
made: water of depth of 40-100 m and of width 100 km or more, and a channel with two track rails and a four-lane 
highway. This is basically similar to the situation in the Taiwan Strait. The study is mainly a conceptual work. 
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2. Structure 
2.1. Overall 
The whole structure consists of main bridge, approach bridges, supporting facilities, monitoring and management 
system, as shown in Fig. 1. The main bridge is composed of the standards sections, connect sections, constraint rings, 
island-type nodes, small constraint platforms, tire-type seal rings, vibration isolation devices, and other devices 
(such as security escape devices, etc.) , as shown in Fig. 2. 
 
 
Fig. 1. Schematic of the whole structure 
 
 
Fig. 2. Sections, island-type node and Constraint ring 
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It is known that cable is not an effective constraint to sink; column is not an effective constraint to floating. In 
this work, the island-type node or small constraint platform has been used to provide binding to sections in all 
directions. Because an island-type node has large area and large bending rigidity, the two-way constraints provided 
by an island-type node ensure the stability of the binding formed by the node. Because the influence of load of the 
traffic, ocean currents, waves and other variables on the bridge is much smaller than gravity and buoyancy, such 
structure can remain stable even if the buoyancy weight ratio (BWR) is controlled within 0.9 to 1.1 or within even 
narrow range of 0.95 to 1.05, which can significantly reduce the peak load in adverse conditions, and is beneficial to 
the increase of span and the reduction of costs.  
Because the buoyant force and gravitational force on the standards sections of a bridge is almost in equilibrium 
state, these standards sections can be called self-balanced sections. On the other hand, the island-type node can be 
made large and internally hollow, the pressure on the base is therefore greatly reduced, even lower than the pressure 
caused simply by water. In general, in normal working condition, by controlling the island’s BWR a little larger than 
1.0 and the section’s BWR less than 1.0, or vice versa, we can control the BWR of the entire structure within 0.8 to 
1.2, close to the self- equilibrium state. In such a condition, the horizontal restraint provided by the islands becomes 
important and the vertical restraint is no longer dominant. In case of failure of individual islands due to earthquake, 
tsunami, debris flow, bump, and other unexpected causes, the collapse rate of the whole bridge is very slow and the 
potential losses thus can be reduced. 
The constraint ring can move along the axis to achieve the connection or separation of between sections or 
between section and island under the control of monitoring and management systems. Seemingly such a structure 
will increase construction costs. Such a structure, however, can be easily to assemble, repair or replacement, which 
makes a lower design standards possible. On the whole, the costs are expected to be reduced. More importantly, 
such a structure can greatly improve the safety performance. 
Tire-type seal rings which are fixed in a number of sealing grooves at both ends of each section can be filled with 
high-pressure gas or liquid to seal and to transmission constraints and to isolated the dynamic response between the 
ring and section under the control of monitoring and management systems. 
When serious failures, such as rupture or other serious problems, occur in a section, the monitoring and 
management systems respond in a timely manner. First the pressure in the tire-type seal rings is lifted, so that rings 
retract into seal grooves, and the constraint ring can move along the axial. As a result, the section is separated from 
the island and floats up to the surface of water for rescue or repair or replacement by throwing the ballast weight. 
To make the floating up easy, sections are bound to constraint rings, instead of being directly associated to the 
anchorage systems such as cable, column, etc. There are sealing devices at both ends of each section to prevent 
water going into the section when the section is assembled or separated from constraint rings. 
Vibration isolation devices, which are used to isolate the dynamic response between the island and the section, or 
between the sections, can improve the dynamic performance of the structure when it is affected by traffic load, 
currents, wave action. Moreover, damages to the structure due to earthquakes, tsunamis, or other unexpected shocks 
can also be greatly reduced. 
2.2. Standard  section of the bridge 
 The standards section of the bridge consists of a main body and a protective shell as shown in Fig. 3. There is a 
buffer damping layer between the main body and the protective shell. In the main body, there are structural load-
bearing layer; internal frame structures; sealed impermeable layer; inner balance module; function part; interior 
decoration layer; railway track bed and roadbed and so on. In the protective shell, there are protective layer; a 
energy dissipation layer and a balance tank. The appearance of a section assumes a form of flat in order to adapt to 
the conditions in Taiwan Strait.  
The size of the structural load-bearing layer is determined by the current design specifications for rail, highway, 
and bridge. But the standard of life expectancy is reduced to an overhaul time of 20 years and a service time of 50 
years. 
The structural load-bearing layer and the internal frame structure are made from steel reinforced concrete (SRC). 
The concrete is ultra high toughness cementitious composite (UHTCC) [16]. The UHTCC is a new kind of high 
performance cementitious composite, which is reinforced with less than 2.5% (volume fraction) of short fibers and 
can also be mixed with normal procedures.  The composite possesses significant strain hardening properties. When 
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the ultimate tensile strain is above 3%, the ultimate crack width is below 100 m. For some UHTCCs the ultimate 
crack width can be controlled even under 50 m, which is harmless to safety, durability and bearing capacity of 
structures. These composites can thus be called 'Crack Free Concrete'. The standards section of the bridge may have 
large deformation, but not being completely collapsed. Even if failure of individual islands occurs due to earthquake, 




Fig. 3. Standards section  of the bridge 
The sealed impermeable layer is at the outermost of the main body. The material for sealed impermeable layer 
may be Polypropylene (PP). Inner balance module is used to control the BWR of the main cabin. All pipelines and 
electrical circuits are put in the function part, also are the functional equipments. 
The protective shell of a standards section of the bridge consists of a protective layer, an energy dissipation layer 
and a balance tank. The protective layer, which is also serving to reduce water flow resistance, is in a form similar to 
a long round and can also be made of UHTCC. The energy dissipation layer can absorb the energy of the external 
impact through internal structure damage. Internally there are many isolated spaces which constitute a balance tank. 
The BWR of the protective shell is controlled by the amount of water in the balance tank.  
The buffer damping layer is for damping between protective shell and the main body.  
As a slender structure, the section could vibrate like a string. It is difficult and unreasonable to resistance 
vibration by increasing the size of the structure. But through proper control of the mass, the stiffness, and the 
damping of the protective shell, we can make the protective shell into a large tuned mass damper (TMD). In the 
function part, we can also set up a number of other common TMD. On the bed of the railway track, we can lay a 
ladder-shaped sleeper track (LST) to have a good damping effect. 
2.3. Constraint ring  
Constraint ring sleeve the section. The inner form of a ring is adapted to the outline of a section, and the 
appearance can be square, round or oval, as shown in Fig. 4. It has flanges on both sides and has multiple ring 
grooves (usually 3-9) on inner surface close to the both ends for seal purpose. There 4-8 trapezoidal axial grooves 
that are distributed symmetrically on the inner surface for the installation of slide rails. 
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Fig. 4. Constraint ring 
When a constraint ring moves along the axis under the control of monitoring and management systems, the ring 
simultaneously entangles the two sections and its flanges enter the slot of the island and the coupling between 
section and island or between sections is therefore achieved. The opposite process is used for separation. 
A constraint ring may be driven by a waterproof mechanism using a remote control device from a section. It can 
also be driven by linear motors, with the short primary coil being installed in the section and the long secondary coil 
being installed (or embedded) in the ring. 
 To reduce the driving resistance, constraint rings are made hollow and their BWR is controlled within 0.9 to 1.1. 
Enhanced PTFE slide-way, which has good corrosion properties and self-lubricating properties, can provide good 
guidance. 
2.4. Island-type node 
An island-type node consists of body, slot, auxiliary supports, seismic isolation devices, base etc., as shown in 
Fig. 5(a). The slots are used to wedge the flanges of a constraint ring. The auxiliary supports temporarily locate the 
sections before constraint ring can move. The seismic isolation devices are used for vibration isolation. The base, 
which is fixed on the bottom of water with piles or a mooring system, is used to fix the body and to reduce pressure. 
 
(a)     (b) 
Fig. 5. (a) Island-type node; (b) Small constraint platform 
Island-type nodes, which can be in different types such as micro, small, medium, large and extra large types, are 
located at the junction of two sections. Nodes of medium-sized or larger can be seen above the water surface, with 
areas being more than 2500 square meters in generally. These nodes appear like islands and are therefore named as   
island-type nodes. These nodes with part above the surface of water can help to improve the ventilation of the bridge.  
Staffs can also work there to provide maintenance, repair, security, rescue, medical, health, scientific investigations 
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and other services. Like many man-made islands, large, extra large islands can be integrated into development and 
utilization purposes. 
In the design of the island-type nodes, several factors have to take into consideration. First, for the stability of the 
binding between sections, the absolute value of difference of buoyant force and gravitational force should be much 
larger than the load applied on the bridge by traffic, ocean currents, waves and other variables. Second, the pressure 
acting on the bottom of water by the nodes must be very small to save construction costs. Third, it must be able to 
control the BWR of the nodes and the BWR should be close to the self-equilibrium state when the nodes are 
transported and installed. Fourth, the overall cost must be acceptable. Therefore, Island-type nodes must made 
hollow and are with large size, mass, and stiffness. The hollows can be used to change the dynamic characteristics of 
the node by the control of water levels in the hollows. In this design, water is a very useful engineering material. 
2.5. Small constraint platform 
Small constraint platform is a simplified form of island-type node. They can be in different types as shown in 
Fig.5(b). In the figure, type A is applicable to water of depth of 50-70m; type B applicable to water of depth of 60-
80m;  type C is applicable to water of depth of 70-120m and type D is applicable to water of depth above 70 meters. 
For type D, the constraint platform can only provide one-way constraint by the taut-wire mooring systems.  Only 
float is prevented and there is no constraint to sink. In order to ensure that the constraints to sections are two-way, 
buoyant force of the platform should be larger than the peak of the sum of all downward dynamic and static loads. 
Thus the difference between buoyancy and weight (DBW) and BWR are the two important design parameters. 
3. Security
Because SFT is immersed water, special attentions are paid to their safety. Most security issues are closely 
related to earthquakes, tsunamis, storms, waves, submarine landslides, impact, vandalism and other "accidents". In 
the design, the security issues are considered mainly from the respects of isolation, damping, prevention, and rescue. 
First, isolation measures are taken into account on several locations, including the interior of the islands; the 
junctions of the islands and the rings; the junctions of rings and the sections and the junctions between the sections. 
This multi-isolation measures, together with the natural effect of buffering and damping of water, should be enough 
to greatly reduce the impact of earthquakes. 
Second, the damping measures are taken into account on different parts of the bridge, such as the interior of the 
sections; the junctions of between the main body and the protective shells in a section; the junctions of the sections 
and the LST. As long as the mass and the stiffness are controlled properly, each protective shell will be a large TMD. 
Because SFT is 30 meters below the water surface, impacts of storms and waves are greatly reduced. The TMD’s 
formed by the protective shells are sufficient to withstand most of the storms and even the tsunamis. LST can greatly 
reduce vibration caused by the motions of vehicles. Other TMD’s installed inside a section can further reduce the 
vibration. For impact, the protective shells may play a similar role as a car bumper. 
Third, the prevention measures include security, patrols, regular maintenance, forecasting, etc. By security check at 
the two stations of the ends of a SFT, together with patrols on water surface, most of the vandalisms can be 
prevented. Normally, tsunamis, storms and waves move slowly, losses caused by these events can be reduced by 
enhanced prediction. The medium, the large and the extra large types of island-type nodes are ideal refuges. In 
addition, the use of UHTCC, together with proper maintenances, it is possible to prevent a SFT from being 
collapsed completely, even under extreme conditions of the failures of some islands  
Fourth, the rescue measures include three methods: internal channel evacuation; evacuation through escape 
device and the floatation to water surface of the accident-hit sections. Furthermore, the presence of many island-type 
nodes is very beneficial to the rescue. It is a feature of this design that a whole section can float to escape in case of 
serious rupture which leads to the leak of a large amount of water. 
The comprehensive safety evaluation under extreme cases is shown in Table 1 for Taiwan Strait [17-21]. 
It can be concluded that the seemingly unsafe SFT is one of the best secure traffic solutions. 
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Table 1. The contrast on safety of several different facilities in extreme conditions 
Risk Items Symbol Bridge SFT Immersed tube tunnel 
Cross-Sea 
Tunnel 
Probability A 0.7 0.7 0.7 0.7 
Destructive B 1.0 0.5 1.0 1.0 
Predictability C 0 0 0 0 
Possibility of rescue D 0.2 0.8 0.1 0 
Earthquake 
Assess (E=0.25C+0.25D+0.5(1-A*B)) E 0.2 0.525 0.175 0.15 
Probability F 0.6 0.6 0.4 0 
Destructive G 0.8 0.6 0.1 0 
Predictability H 0.7 0.8 1.0 1.0 
Possibility of rescue I 0.2 0.8 1.0 1.0 
Tsunami 
Assess (J=0.25H+0.25I+0.5(1-F*G)) J 0.485 0.72 0.97 1.0 
Probability K 1.0 1.0 0 0 
Destructive L 0.8 0.4 0 0 
Predictability M 1.0 1.0 1.0 1.0 
Possibility of rescue N 0.2 0.8 1.0 1.0 
Storms and big 
waves 
Assess (O=0.25M+0.25N+0.5(1-K*L)) O 0.4 0.75 1.0 1.0 
Probability P 0.8 0.8 0.9 0 
Destructive Q 1.0 0.5 1.0 0 
Predictability R 0 0 0 1.0 
Possibility of rescue S 0.2 0.8 0.1 1.0 
Submarine 
landslides 
Assess (T=0.25R+0.25S+0.5(1-P*Q)) T 0.15 0.5 0.075 1.0 
Probability U 0.6 0.3 0.1 0 
Destructive V 1.0 0.5 0.5 0 
Predictability W 0 0 0 1.0 
Possibility of rescue X 0.2 0.8 0.1 1.0 
Accidental impact 
Assess (Y=0.25W+0.25X+0.5(1-U*V)) Y 0.25 0.625 0.5 1.0 
Comprehensive Assessment  (Z=(E*J*O*T*Y)1/5) Z 0.27 0.62 0.36 0.68 
Note: If Probability=0 or Destructive<=0.1, then Predictability= Possibility of rescue=1. 
4. Feasibility of construction 
Upon the completion of the exploration and the design, concrete construction process can refer to the following 
five stages: 
The first step is the construction of the basis at scheduled location under the water and the leveling of the soft soil 
foundation using methods such as riprap or underwater operation. Meanwhile, pre-manufacturing of islands, 
sections, constraint rings and other components can proceed at shore dock. 
The second step is to haul the islands to the positions where they are designed to locate and then sink the islands. 
At the same time, sections, constraint rings and tire-type seal rings are ready in dock at the shore. 
The third step is to assemble the tire-type seal rings and the constraint rings to different sections. 
The fourth step is to haul the sections to their designed positions and then set connections between sections or 
between sections and islands.  
Finally is the step of adjustment, comprehensive test and acceptance. 
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From the view of the engineering, following are the main difficulties: undersea exploration; foundation 
construction; the manufacture, assembling, towing, accurate positioning and underwater installation of large parts; 
the manufacture of the driving and the sealing devices; the manufacture of the functional connectivity and 
detachment devices, and so on. These difficulties may be great, but all of them can be overcome within the current 
technical capacity. 
5. Economy 
As a conceptual design, it is difficult to calculate the cost. But some rough analysis could be made. In order to 
cross the Taiwan Strait, for example, from Pingtan to Hsinchu, it is necessary to build some 280 standards sections; 
27 island-type nodes, among them two being extra large, seven being large and eighteen being medium-sized; 240 
small constraint platforms. These are only the main parts of the bridge, not including the approach bridges, the 
supporting facilities and the monitoring and management systems. 
The main bridge will consume about 8 million tons of steel and 20 million m3 of cement. Thus, the full material 
cost for the bridge is estimated at around 7.5 billion dollars. When taking labor, equipment, management and other 
costs into account, the total cost may be controlled within 30 billion dollars. 
The key factors to the cost control are as following: the first is reasonable design of the span and BWR; the 
second is the standardized production of the parts pre-fabricated at the shore dock; the third is the determination of 
the standard of life expectancy; as parts can be replaced, the standard of life expectancy can be reduced to an 
overhaul time of 20 years and a service time of 50 years. The forth is to reduce the base pressure and to reduce the 
infrastructure costs. Finally is to avoid adverse weather conditions when choosing the time of the construction. 
In short, the economics of the program is acceptable, and further optimized may be made. 
6. Conclusion 
To solve issues of large flow transport, the node-island, multi-layer and self-balanced Archimedes bridge is 
feasible technically and competitive economically. Its security is acceptable. 
The Taiwan Strait is not ideal territorial water for SFT to be built, because of the depth of water, the earthquakes, 
the frequent storms and the heavy traffic. Nevertheless, comparing to the other options, SFT is a good program for 
the Taiwan Strait. 
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